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Retinoic acid (RA) affects the response of many cells to growth factors, including the bone morphogenetic proteins (BMPs).
The BMPs are members of the TGF-b family of growth factors, originally identi®ed by their bone-inducing activities. Their
widespread expression suggests many roles other than that in osteogenesis. Because RA modulates the cell's response to
growth factors, this may be a means by which the retinoids exert some of their known teratogenic effects. One such
cellular response may be apoptosis. While apoptosis is required for normal development, the location and timing of its
induction must be carefully controlled. Recently, several TGF-b family members have been implicated in the induction
of apoptosis in certain cell types. We show here, using P19 embryonal carcinoma cells, that the combination of RA and
BMP2 or BMP4 synergistically induces apoptosis in 40% of the population within 24 hr. In contrast, RA alone induces
apoptosis in only 10±15% of the population and each of the BMPs alone minimally induces apoptosis. Apoptosis depends
on the dose of both the RA and the BMP as well as on new protein synthesis. Further, the induction of apoptosis prevents
the formation of fully differentiated neurons and glial cells and instead leads to primarily smooth muscle cell differentiation.
These results suggest that some of the malformations caused by retinoids may be due to the induction of inappropriate
apoptosis in cells exposed to BMPs. q 1996 Academic Press, Inc.
INTRODUCTION noids results in a plethora of malformations in cardiac, skel-
etal, and neuronal development (Sporn et al., 1994). One
mechanism by which RA may mediate these developmentalRetinoic acid (RA) regulates gene expression. It directly
defects is by the induction of inappropriate apoptosis. Apo-alters growth factor expression levels as well as the response
ptotic cell death differs from necrotic cell death in thatand sensitivity of cells to growth factors. RA can also affect
apoptosis is nonin¯ammatory, causes no damage to neigh-proliferation and differentiation indirectly, by affecting the
boring cells, and often requires new protein synthesis (Raff,expression of downstream genes. One mechanism by which
1992). With additional study, it has become apparent thatRA may act indirectly on proliferation and differentiation
the cellular details of apoptosis vary in different tissues. Inis through the bone morphogenetic proteins (BMPs) (Rogers
many cells, changes associated with apoptosis include DNAet al., 1992). The BMPs are members of the transforming
fragmentation, a decrease in overall cell size, chromatingrowth factor-b (TGF-b) family of growth factors and were
condensation, and tissue transglutaminase up-regulationoriginally identi®ed by their bone-inducing activity (Woz-
(Schwartz and Osborne, 1995).ney et al., 1988). The widespread distribution of the BMPs
While apoptosis is required for normal development induring development, however, suggests many roles in addi-
evolutionarily diverse systems (Raff, 1992), its inductiontion to that in osteogenesis (Lyons et al., 1991).
must be controlled in terms of location and timing. Al-Among its many features, RA causes birth defects. Expo-
though RA induces apoptosis in a variety of systems, includ-sure of a developing vertebrate embryo to exogenous reti-
ing limbs (Jiang and Kochlar, 1992), epithelial cells (Zhang
et al., 1995), and differentiating F9 embryonal carcinoma
cells (Atencia et al., 1994), it does not induce apoptosis1 To whom correspondence should be addressed. Fax: (813) 974-
1614. E-mail: rogers@chuma.cas.usf.edu. in all cells. Susceptibility to RA-induced apoptosis must
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the aggregates were collected, washed once with PBS, and resus-require additional extrinsic or intrinsic factors. TGF-bs fre-
pended in 1 mg/ml collagenase/dispase (Boehringer Mannheim) so-quently have distinctive effects on proliferation and differ-
lution containing 15% fetal calf serum. Aggregates were trituratedentiation of RA-treated cells relative to untreated cells
and then incubated on a rotating wheel at 377C for 1 hr. Following(Sporn and Roberts, 1991). Since TGF-bs, including BMPs,
incubation, the loosened aggregates were again triturated and thencan induce apoptosis in some, but not all, cells, apoptosis
counted and washed with PBS. Cells were then resuspended in 0.2
may be another response unique to RA- and TGF-b-treated ml PBS and then ®xed with 2 ml 70% ethanol at 0207C for at least
cells. 30 min. The ®xed cells were washed with PBS and resuspended in
P19 embryonal carcinoma (EC) cells provide a good exper- 0.8 ml PBS. RNase A was added to a ®nal concentration of 100 mg/
imental model to examine the role of the BMPs during dif- ml, propidium iodide was added to a ®nal concentration of 40 mg/
ml, and then the mixture was incubated at 377C for 30 min. Sam-ferentiation. EC cells share many characteristics with the
ples were analyzed for DNA content on a Becton±Dickinson FACS-totipotent inner cell mass (ICM) cells of the blastocyst. Like
CAN using LYSYS II software. The location of the G0/G1 peakICM cells, P19 cells can differentiate into numerous cell
was set for the untreated cells and determined independently forlineages. For example, by growth in aggregates in the pres-
each experiment. The values for the treated cells are relative toence of RA, P19 cells differentiate into neuronal and glial
that of the untreated control value. Cells grown in monolayerscells (Jones-Villeneuve et al., 1982). In contrast, by growth
were harvested by ®rst collecting the media containing any ¯oating
in a monolayer in the presence of RA, P19 cells differentiate cells, then washing the monolayer with PBS, followed by trypsin-
into endodermal or mesodermal cells (Mummery et al., ization and pooling of suspended and attached cells. Cells were
1987). By all tested biochemical criteria, P19 differentiation centrifuged, resuspended in PBS and triturated, and then ®xed and
faithfully mimics normal embryonic differentiation. In stained as described above.
Immunohistochemistry and microscopy. Cells were rinsedsuch an in vitro system, growth factors, such as the BMPs,
with PBS and then with 50% methanol/50% acetone at room tem-can easily be added and their effects analyzed.
perature. Cells were ®xed with 50% methanol/50% acetone atIn this study we have examined the effect of RA and
0207C for 2 min. Following a PBS rinse, cells were incubated withBMP2 and BMP4 on the early events in the differentiation
primary antibody for 30 min at room temperature. Cells wereof P19 cells. We found that the combination of RA and
washed with PBS, and then a secondary antibody, conjugated toBMP2 or BMP4 has a profound effect when compared to
either FITC or peroxidase, was added and incubated for 30 min at
that of each agent alone, suggesting that one function of room temperature. FITC-stained cells were viewed under a Nikon
these growth factors in vivo is to induce apoptosis in RA- epi¯uorescent microscope. Peroxidase activity was detected by use
exposed cells. Speci®cally, RA and BMP2 or BMP4 rapidly of the DAB peroxidase substrate tablet set (Sigma) and viewed under
induce apoptosis, as measured by DNA fragmentation, nu- a Nikon Labophot 2 microscope. The polyclonal NF-M antibody
was the kind gift of Gerry Shaw (University of Florida, Gainesville,clear condensation, and the induction of tissue transglutam-
FL) and used at a 1:500 dilution. The polyclonal antibodies raisedinase (tTGase). RA- and BMP-induced apoptosis requires
against glial ®brillary acidic protein (GFAP) and desmin were pur-new protein synthesis and ultimately selects for a distinct
chased from Sigma Immunochemicals and used at dilutions of 1:80type of differentiated cells.
or 1:20, respectively. For DAPI staining of nuclei, cells were ®xed
as above and then incubated with 2 mg/ml DAPI (Sigma) at room
temperature for 2 min. Photomicrographs were taken using TMAX
400 or Royal Gold 400 ®lm (Kodak).MATERIALS AND METHODS
RNA preparation and Northern analysis. RNA was isolated by
lysis in guanidine isothiocyanate followed by ultracentrifugation
Cell culture. P19 cells were grown in a-MEM containing 7.5% (Chirgwin et al., 1979). Total cellular RNA was electrophoresed
heat-inactivated calf serum, 2.5% heat-inactivated fetal calf serum, through 1% agarose gels containing 2.2 M formaldehyde as de-
and 2 mM glutamine at 377C in 10% CO2. Cells were differentiated scribed (Ausubel et al., 1995). RNA was transferred to nylon ®lters
essentially as previously described (Robertson, 1987). For differenti- and then hybridized. Probes were labeled to a speci®c activity of
ation assays, cells were trypsinized (0.05% trypsin/0.53 mM greater than 109 cpm/mg by random primed labeling (Ausubel et
EDTA), counted, and then seeded at a ®nal concentration of 1 1 al., 1995). Filters were probed for the ribosomal protein 36B4 (Rio
105 cells/ml in bacteriological-grade culture dishes (Fisher) in media et al., 1987) to normalize for equivalent loading. Signals were quan-
containing penicillin (50 U/ml) and streptomycin (50 mg/ml). All- titated on a Molecular Dynamics Model 425E Phosphorimager.
trans retinoic acid (Sigma) was prepared in 100% ethanol and added
at a ®nal concentration of 0.5 mM, unless otherwise noted. Cells
not treated with RA were treated with an equivalent amount of
ethanol. Human recombinant BMP2 and BMP4 were the kind gifts RESULTS
of Genetics Institute (Cambridge, MA). RA and BMP were present
from the initiation of each experiment unless otherwise noted. For Retinoic acid and BMPs induce apoptosis in P19 cell
long-term experiments, cells were kept in drug-containing media
aggregates. Growth of P19 cells in aggregates in the pres-for 4 days in bacteriological-grade culture dishes and then trans-
ence of 0.5 mM RA induces the differentiation of neural andferred to tissue culture-grade dishes in media containing only peni-
glial cells (Jones-Villeneuve et al., 1982). We had previouslycillin and streptomycin for an additional 4 to 6 days.
observed that the addition of BMP to such a culture resultedCell dissociation and propidium iodide staining. To obtain a
single cell suspension from the tightly associated P19 aggregates, in far fewer surviving cells than in the presence of RA alone
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FIG. 1. RA and BMPs induce an increase in cells containing sub G0/G1 DNA. (A) P19 EC cells were cultured in the presence of RA (0.5
mM) and/or BMPs (10 ng/ml) for 24 hr in bacteriological petri dishes and then dissociated, ®xed, and stained with propidium iodide.
Samples were analyzed by ¯ow cytometry. The marker, M1, was set relative to the location of the G1 peak of the untreated cells, and
numbers indicate the percentage of cells falling below that marker. (B) The untreated, RA, RA and BMP2, and RA and BMP4 bars are
compiled from the results of 12 independent experiments. The BMP2 and BMP4 bars are compiled from 8 experiments each. Error bars
indicate the standard error.
(M.B.R., unpublished results). Since it recently had been RA and either BMP2 or BMP4 were added to P19 cells in an
aggregation assay. Twenty-four hours later, the cells werenoted that BMPs (Graham et al., 1994), as well as other
members of the TGF-b family of growth factors (Silberstein disaggregated, ®xed, and stained with propidium iodide.
Samples were examined for DNA content by ¯ow cytome-and Daniel, 1987; Oberhammer et al., 1992; Nishihara et
al., 1993), can regulate apoptosis in other systems, we hy- try and results are shown in Fig. 1A. One of the hallmarks
of cells undergoing apoptosis is DNA fragmentation, re-pothesized that BMP could be inducing apoptosis in RA-
treated P19 cells as well. To determine the effect of the sulting in a sub G0/G1 peak on a ¯ow cytometry histogram.
While the addition of RA alone to the culture resulted inaddition of BMPs on this neuronal differentiation pathway,
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vents cell content leakage and subsequent in¯ammatory
response (Piacentini et al., 1994). As shown in Fig. 2, Day
1, incubation with both RA and either BMP2 or BMP4 for
24 hr resulted in a greater than twofold increase in tTGase
mRNA levels compared to each agent alone. This increase
in tTGase mRNA is consistent with the increase in apo-
ptotic cells as shown by ¯ow cytometry. Taken together,
these experiments indicate that the addition of the BMP to
RA-treated cells induces apoptosis.
RA and BMPs can induce apoptosis in monolayers of P19
cells. In the previous experiment, the drugs were added to
free-¯oating cells in a petri dish. We wondered whether the
observed death was due to lack of a substrate or aggregation
at this early time point. Therefore, we grew P19 cells in
a monolayer attached to tissue culture plastic. In such a
monolayer, P19 cells treated with RA differentiate into en-
dodermal or mesodermal-like cells (Mummery et al., 1987).
We then added RA and BMP to preplated monolayers of P19
cells and incubated the cells for 24 hr. The addition of RA
and either BMP2 or BMP4 resulted in a twofold increase in
the sub G0/G1 DNA content of the cells when compared
FIG. 1ÐContinued to RA alone and a ninefold increase when compared to that
of untreated cells (Fig. 3). Incubation with RA and BMP for
48 hr resulted in the detachment of most cells from the
plate, as would be expected from apoptotic cells. A similarsome sub G0/G1 DNA (approximately 15%) compared to
the untreated aggregates, the addition of both RA and 10 increase in the amount of hypodiploid DNA was also ob-
served in the aggregation assay when cells were ®rst allowedng/ml of either BMP2 or BMP4 resulted in more than twice
as much sub G0/G1 DNA (40 and 37%, respectively). Such to aggregate for 12 hr prior to the addition of drugs (data
not shown). These data indicate that induction of apoptosistreatment also resulted in a decrease in the height of the
G2 peak, indicating that fewer cells in this stage of the cell is not dependent on the culture conditions of the P19 cells,
but is speci®cally due to combining RA and the BMPs.cycle were present. Composite results of all experiments
are shown in Fig. 1B. Another hallmark of apoptotic cells is chromatin conden-
sation. To examine nuclei, we stained monolayers of cellsWe also analyzed forward and side light scatter pro®les
of these cells to determine their relative size and granular- with the DNA dye DAPI. Untreated cells contained large,
regularly shaped nuclei with distinct nucleoli and diffuselyity. The RA- and BMP-treated cells had reduced forward and
side light scatter capability, indicative of decreased size and stained with the DAPI (Fig. 4, top left panel). In contrast,
cells treated with RA and BMP4 (or RA and BMP2, datadecreased granularity, respectively (Darzynkiewicz et al.,
1994). This analysis indicated that the hypodiploid cells not shown) contained smaller, brightly staining, irregularly
shaped nuclei indicative of the chromatin condensation as-had an average size 65% that of cells containing the full
complement of DNA. These changes are consistent with sociated with apoptosis (Fig. 4, bottom panels). By direct
measurement of the nuclei, we determined that the meanapoptosis. Treatment with both RA and BMP also resulted
in considerably more debris than treatment with RA alone. area of untreated nuclei was 1.31 the size of nuclei from
RA- and BMP4-treated cells. This difference was statisti-Further, DNA isolated from these cells following 24 hr of
RA and BMP exposure showed periodic cleavage when ana- cally signi®cant (P 0.001). Cells treated with either BMP2
or BMP4 alone looked similar to the untreated cells, whilelyzed by agarose gel electrophoresis, also indicative of
apoptosis (Eastman, 1995). DNA isolated from cells treated cells treated with RA alone contain far fewer shrunken,
apoptotic nuclei (Fig. 4, top right panel). This further sup-for 48 hr with both RA and BMP resulted in a smear on an
agarose gel, indicating extensive DNA cleavage (data not ports the idea that P19 apoptosis is speci®c to the combina-
tion of RA and the BMPs rather than the manner in whichshown). This effect was entirely RA dependent, as the addi-
tion of either BMP2 or BMP4 alone results in little increase the cells were plated.
Synergistic effects of RA and BMPs. To determine thein the sub G0/G1 amount of DNA over that in cells which
were not exposed to RA. concentration dependence of the BMP effect, we added in-
creasing amounts of either BMP2 or BMP4 (Fig. 5A) to theAnother useful marker for apoptosis is the induction of
the enzyme tTGase. The level of tTGase mRNA increases aggregation assay, in the presence of 0.5 mM RA. While the
addition of low concentrations of BMP (0.01 or 0.1 ng/mlduring apoptosis, resulting in an increase in the enzyme,
which aids in protein cross-linking. Such cross-linking pre- ®nal) resulted in no increase in the amount of subG0/G1
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FIG. 3. RA and BMPs induce apoptosis in P19 monolayers. Cells
were cultured in tissue culture-grade plates and treated as indi-
cated. After 24 hr, cells were collected and examined by ¯ow cy-
tometry as described under Materials and Methods and in the leg-
end to Fig. 1. The percentage of sub G0/G1 DNA-containing cells
is indicated on the Y axis.
DNA compared to the RA alone, the addition of 1 or 10 ng/
ml of either BMP2 or BMP4 resulted in a large increase
(approximately twofold over RA alone). The addition of 10
ng/ml BMP was used in the remaining experiments.
We performed similar experiments to titrate the RA con-
centration in the presence of 10 ng/ml of either BMP2 or
BMP4. As shown in Figs. 5B and 5C, there is also a dose-
dependent response to RA in that the addition of higher
concentrations of RA resulted in a higher proportion of frag-
mented DNA. The addition of either BMP, however, re-
sulted in at least a threefold increase in the amount of sub
G0/G1 DNA regardless of which concentration of RA was
included. In addition, similar results were obtained using
9-cis retinoic acid (data not shown), which interacts with
both the retinoic acid receptors (RARs) and retinoid X recep-
tors (RXRs), whereas all-trans RA only binds RARs. Taken
together, these data suggest that both BMP2 and BMP4 in-
crease apoptosis in RA-treated P19 cells in a dose-dependent
FIG. 2. Expression of tTGase mRNA. RNA was isolated from cells sue transglutaminase. (A) Autoradiographs. The Day 1 samples
were exposed for 117 hr, whereas the Day 8 samples were exposedgrown either as aggregates treated as indicated for 24 hr (Day 1) or as
aggregates treated as indicated for 4 days and then transferred to tissue for 23 hr. (B) Histograms of normalized expression. Signals were
quantitated on a phosphorimager. The ubiquitously expressed ribo-culture plates and incubated for an additional 4 days (Day 8). Fifteen
micrograms of total cellular RNA was electrophoresed on a formalde- somal protein 36B4 was used to normalize for equivalent loading.
The expression level of the untreated cells was set to one.hyde-containing gel and then transferred to nylon and probed for tis-
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FIG. 4. DAPI staining of P19 monolayers. Cells were treated with no drug (top left panel), RA (0.5 mM ) (top right panel), or RA (0.5 mM )
and BMP4 (10 ng/ml) (bottom panels) for 24 hr and then stained as described under Materials and Methods. Cells were magni®ed 2001.
Triangles indicate highly condensed chromatin.
manner and that very low levels of RA can sensitize cells combined drug treatment commits cells to extensive DNA
fragmentation and that drug does not need to be presentto BMP-induced apoptosis.
Short-term RA and BMP treatment commits cells to throughout the culture period.
RA- and BMP-induced cell death requires new proteinapoptosis. To determine if continuous RA and BMP treat-
ment is required to induce apoptosis, we next treated cells synthesis. In many cases, apoptotic cell death has been
shown to require new protein synthesis (Tata, 1966; Martinfor 12 hr and then washed the drugs away and tested for
apoptosis at 24 hr. Cells incubated with both RA and either et al., 1988). To determine whether the cell death induced
by RA and BMPs required new protein synthesis, aggregatesBMP2 or BMP4 had a fourfold increase in the amount of
sub G0/G1 DNA when compared to those cells treated with were established in the presence or the absence of 1 mg/ml
cycloheximide (CHX), a protein synthesis inhibitor. AfterRA alone (Fig. 6). A similar experiment, in which cells were
treated with drugs for 4 hr and then washed away and DNA 24 hr of culture, cells grown in the absence of CHX, but in
the presence of RA and BMP2 or BMP4, had a large amountanalyzed at 24 hr did not indicate any increase in hypodip-
loid cells (data not shown). The data imply that 12 hr of of sub G0/G1 DNA. A representative histogram is shown
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FIG. 6. The effect of short-term drug treatment. Cells were cultured
in bacteriological plates and treated as indicated. Following incuba-
tion for 12 hr, the cells were washed out of the drug-containing media,
resuspended in drug-free media, and allowed to incubate for an addi-
tional 12 hr at which time they were collected and analyzed as de-
scribed. The Y axis indicates the amount of sub G0/G1 DNA.
in Fig. 7, top panel. In contrast, cells grown in the presence
of RA and BMP2 or BMP4 in addition to CHX had no in-
crease in the amount sub G0/G1 DNA when compared to
the untreated cells. In fact, each of the CHX-treated popula-
tions had similar cell cycle pro®les, regardless of the drug
treatment received. A representative histogram is shown in
Fig. 7, middle panel. In each case, the histogram showed a
decrease in the amount of G0/G1 DNA and an increase in
the amount of S phase DNA, implying that in the absence
of new protein synthesis, cells enter S phase but cannot exit
from it.
When cells were treated with CHX from the initiation of
the culture period, tight cell aggregates did not form. To
determine the contribution of cell aggregation to the CHX-
induced S phase arrest, we ®rst allowed the cells to aggre-
gate for 8 hr, and then CHX was added for the next 16 hr.
A representative histogram is shown in Fig. 7 bottom panel.
Once again, there was no increase in the amount of sub G0/
G1 DNA in cells treated with RA and BMP2 or BMP4 and,
again, cells treated with each drug combination had similar
FIG. 5. Induction of apoptosis is dependent on the dose of RA and
BMP. Cells were treated with (A) 0.5 mM RA and decreasing
amounts of BMP2 or BMP4, or (B) with 10 ng/ml BMP2, or (C)
BMP4 and decreasing amounts of RA in bacteriological plates for
24 hr and then examined for DNA content as previously described.
The percent of sub G0/G1 DNA is indicated in the Y axis.
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cell cycle pro®les. In this case, however, all populations had
an increase in the amount of DNA in the G0/G1 peak and
a decrease in the amount of DNA in the S phase area of the
histogram. This suggests that aggregated cells are arrested
in G1 in the absence of new protein synthesis. Thus, like
apoptosis observed in many other culture systems, the RA-
and BMP-induced apoptosis in P19 cells depends on new
protein synthesis.
Cells surviving RA- and BMP-induced apoptosis do not
undergo complete neuronal and glial differentiation. P19
cells grown in aggregates for 4 days in the presence of RA
and then transferred to tissue culture plates for an addi-
tional 4 or 6 days' growth differentiate into neurons and
glial cells, respectively (Jones-Villeneuve et al., 1982). As
shown in Figs. 8A and 8B, treatment with RA alone resulted
in numerous cells which stained with the anti-GFAP anti-
body. The situation was markedly different for the cells
treated with both RA and BMP2 or BMP4. The surviving
cells formed a monolayer containing no cells which stained
with the anti-GFAP antibody (Figs. 8E±8H). Cells treated
with BMP2 (data not shown) or BMP4 alone (Figs. 8C and
8D) looked similar to untreated cells and did not stain with
the anti-GFAP antibody.
Cells treated with RA alone resulted in neurons con-
taining dense mats of processes which stain with an anti-
body to the neuro®lament NF-M (Figs. 8I and 8J). In con-
trast, treatment with both RA and BMP2 or BMP4 primarily
resulted in morphologically distinct cells. Most of these
cells did not stain with the anti-NF-M antibody, although
some weakly staining cells were observed (Figs. 8K and 8L).
These cells do not contain mature neuronal processes and
may represent incompletely differentiated neurons. These
data suggest that the apoptosis induced by the combination
of RA and BMP observed early in the culture period may
selectively kill cells destined to become neurons and glial
cells.
To determine what type of cell survived the RA and BMP
treatment, we stained Day 8 cultures with antibodies di-
rected against other types of intermediate ®laments. No
speci®c staining was observed using an anti-keratin anti-
body, indicating that these cells were not epithelial (data
not shown). However, all cells surviving the RA and BMP4
treatment did stain with an antibody directed against des-
min (Fig. 9). The morphology of these cells is also consistent
with smooth muscle, and P19 cells have been shown to
differentiate into smooth muscle cells (Suzuki et al., 1996).
FIG. 7. RA- and BMP-inducedapoptosis is dependent on new protein Although tTGase is induced during apoptosis, it is a Ca2/-
synthesis. Cells were cultured in bacteriological-grade dishes with RA activated enzyme that is constitutively active in a few cell
(0.5 mM) and BMP2 (10 ng/ml) and no CHX (top panel) or CHX (1 mg/ types. Smooth muscle cells constitutively express tTGase
ml) was added either at the initiation of the experiment (middle panel)
but neurons and glial cells do not (Piacentini et al., 1994).or after 8 hr incubation (bottom panel). After 24 hr, cells were collected
The cells surviving RA and BMP treatment expressedand analyzed as described. A single histogram is shown for each CHX
greater than 100 times the amount of tTGase mRNA (Fig. 2,treatment, but all drug treatments resulted in similar cell cycle pro-
Day 8) compared to RA alone-treated cells. Taken together,®les. The percentage of cells containing hypodiploid DNA varied from
1.92 to 5.31% for the cells treated with CHX from the initiation of these data suggest that the cells surviving the RA and BMP
the experiment and from 3.52 to 7.10% for the cells treated with treatment are smooth muscle cells.
CHX after an initial 8-hr incubation. RA and BMP do not affect expression of two early genes.
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FIG. 8. Expression of neural and glial cell markers. Cells were grown as aggregates in the presence of drugs for 4 days and then plated
in tissue culture-grade dishes for an additional 4 or 6 days in the absence of drug. Cells were ®xed and stained with polyclonal anti-NF-
M (at Day 8; J and L) or anti-GFAP (at Day 10; B, D, F, H) and then FITC-tagged goat anti-rabbit IgG and examined on a Nikon epi¯uorescent
microscope. Cells were treated with RA (A, B, I, J), BMP4 (C, D), RA and BMP2 (E, F), or RA and BMP4 (G, H, K, L). Phase-contrast
micrographs are also shown to demonstrate the differential cell morphology (A, C, E, G, I, K). Original magni®cation, 1125.
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These transcription factors may activate genes required for
apoptosis. Indeed, RAR-b has been shown to mediate RA-
induced apoptosis in breast cancer cells (Seewaldt et al., 1995).
We therefore tested whether RA and BMP treatment could
in¯uence the expression of these early genes. RNA was iso-
lated from aggregated cells grown in drug-free media, RA,
BMP2, BMP4, or the combination of RA and either BMP2 or
BMP4 for 24 hr. At this time, 40% of the cells in the RA- and
BMP-treated cultures are apoptotic (Fig. 1B). Following 24 hr
of incubation, RAR-b and HoxA1 mRNAs are expressed in
the RA-treated P19 cells (Fig. 10, lane 5). The addition of both
RA and either BMP2 (lane 6) or BMP4 (lane 7) had minimal
FIG. 9. Surviving cells express a muscle cell marker. Cells were
grown as described in the legend to Fig. 8 in media containing RA
and BMP4. At Day 8, cells were ®xed and stained with polyclonal
anti-desmin and then peroxidase-conjugated goat anti-rabbit IgG
(A) or with only the secondary antibody (B). Peroxidase was visual-
ized by incubation with DAB substrate kit (Sigma). Magni®cation,
1200.
FIG. 10. Northern blot analysis for the expression of early genes.
RNA was isolated from an exponentially growing monolayer (stem)The addition of RA to embryonal carcinoma cells rapidly
or aggregates treated as indicated for 24 hr and analyzed as described
(within hours) induces a number of genes. In F9 EC cells, two in the legend to Fig. 2. (A) Autoradiographs were exposed for 117
transcription factors, the retinoic acid receptor b (RARb) and and 13 hr for RAR-b and HoxA1, respectively. (B) Relative expres-
HoxA1 are induced rapidly and in the absence of protein syn- sion, following normalization as described in the legend to Fig. 2.
thesis, suggesting that they are direct targets of RA (LaRosa The expression level of each RAR-b and HoxA1 for the RA-treated
cells was set to one.and Gudas, 1988; Hu and Gudas, 1990; Rogers et al., 1990).
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effect on the expression of RAR-b or HoxA1. Neither gene is cycle pro®les, regardless of drug treatment, but in this case,
there was an increase in the number of cells in G0/G1 andexpressed if RA is not present (lanes 2±4). In addition, treat-
ment with RA and exogenous BMP2 or BMP4 for 24 hr did a corresponding decrease in S phase. These data indicate
that apoptosis induced by RA and BMP requires new proteinnot affect the expression levels of RAR-a, RAR-g, and cellular
retinoic acid binding protein I (M.B.R., unpublished results), synthesis. It also implies that cell±cell adhesion affects the
time of cell cycle arrest.which can mediate the effects of RA on cells. Further, endoge-
nous BMP2 or BMP4 mRNAs are undetectable in P19 cells RA causes its effects by interaction with one of six recep-
tor types. The results shown here were obtained using all-grown for 24 hr in any drug combination. Since the expression
of these RA-inducible genes is not changed by BMP treatment, trans RA, which binds only the RARs and not the RXRs.
Similar results were obtained using 9-cis RA, which bindsit is unlikely that altered expression of these genes directly
causes apoptosis in these cells. both RARs and RXRs (data not shown). This suggests that
the induction of apoptosis we observed is most likely medi-
ated by the RARs, although future experiments will address
this question in more detail by utilizing a panel of RAR-DISCUSSION
and RXR-selective agonists and antagonists (Rogers, 1996).
We have also shown that apoptotic cell death does notWe have shown that during RA-induced P19 cell differen-
tiation, the addition of either BMP2 or BMP4 induces apo- require continuous exposure to the inducing agents. Cul-
tures exposed to RA and BMP for only 12 hr still showed aptotic cell death, as indicated by ¯ow cytometric measure-
ments of sub G0/G1 DNA content, cell size, and granular- two- to threefold increase in the number of apoptotic cells.
This suggests that a brief drug treatment commits cells toity. Further, the RA- and BMP-treated cells contain nuclei
with condensed chromatin and increased levels of mRNA an apoptotic fate. Since RA acts primarily at the transcrip-
tional level, we reasoned that early RA-responsive genesencoding tTGase, a cross-linking enzyme associated with
apoptotic cells. This increase in apoptosis absolutely de- could participate in this induction. Following incubation
with RA and the BMPs, we found no difference in thepends upon RA and responds in a dose-dependent manner
to the amount of RA present. The induction of apoptosis mRNA expression levels of HoxA1 or RAR-b, two early
RA-responsive genes. The expression levels of RAR-a, RAR-also depends on the concentration of BMP, as higher con-
centrations of BMP result in a greater amount of cell death. g, or cellular retinoic acid binding protein I similarly were
not affected by treatment with RA and exogenous BMP2We found that the manner in which the cells are induced
to differentiate does not affect the ®nal outcome of death. or BMP4. Endogenous BMP2 or BMP4 mRNAs were not
expressed in these cells following 24 hr treatment underSimilar results were observed whether the cells were in-
duced to differentiate into neurons and glial cells by growth any conditions tested. These genes are therefore unlikely
to be direct mediators of apoptosis in these cells. The targetsin aggregates or induced to differentiate into endodermal or
mesodermal derivatives by growth in monolayers. These of this RA- and BMP-induced apoptosis are currently under
investigation.data suggest that in the presence of a signal to differentiate,
such as that induced by RA, a con¯icting signal delivered Members of the TGF-b family of growth factors regulate
many diverse processes during cell growth, differentiation,by the BMP (perhaps to proliferate) causes the cell to initiate
its death program. and homeostasis (reviewed in Massague et al., 1994). Several
TGF-bs, including BMP2 and BMP4 (Graham et al., 1994),Apoptotic cell death differs from necrotic cell death in
that it often requires activation of a distinct set of new genes activin (Nishihara et al., 1993), and TGF-b1 (Silberstein and
Daniel, 1987; Oberhammer et al., 1992) have been impli-(Tata, 1966; Martin et al., 1988). To determine whether the
RA- and BMP-induced cell death utilized existing protein cated in the induction of apoptosis. Since RA and BMPs can
induce distinct cell responses and are often colocalized inor required new protein synthesis, we treated differentiation
cultures with the protein synthesis inhibitor cyclohexi- the embryo, it is likely that embryonic differentiation and
growth control involves such interactions. Because testingmide. In the absence of new protein synthesis, cells exposed
to all ®ve treatments exhibited virtually identical cell cycle this hypothesis in vivo is dif®cult, we have exploited the
in vitro differentiation of P19 embryonal carcinoma cells.pro®les, with a decrease in the number of cells in G0/G1
phase and a corresponding increase in the number of cells Aggregated P19 cells grown in RA-containing media differ-
entiate into neurons and glial cells (Jones-Villeneuve et al.,in S phase. The cells treated with CHX from the onset also
did not form the typical tight aggregates that P19 cells 1982). In contrast, upon treatment with RA and BMP2 or
BMP4, massive cell death occurs, resulting in the survivalgrown in bacteriological-grade dishes usually form. Since it
has previously been reported that P19 cells which do not of about 5% of the cells. In the presence of the BMPs, very
low concentrations of RA elevated the level of cell death.form tight cell aggregates do not differentiate normally
(Schmidt et al., 1992), we reasoned that the lack of apoptosis The surviving cells do not have a neuronal morphology and
do not express neuronal or glial markers, but do expresscould be due to a lack of tight cell adhesion. Cells allowed
to aggregate before the addition of CHX still did not undergo smooth muscle markers. Since BMPs repress neuronal dif-
ferentiation in vivo (Wilson and Hemmati-Brivanlou, 1995),apoptosis. In fact, these cells also all exhibited similar cell
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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The signalling molecule BMP4 mediates apoptosis in the rhomb-this suggests that endogenous retinoids may reduce neu-
encephalic neural crest. Nature 372, 684±686.ronal differentiation in BMP-exposed tissues.
Hofmann, C., and Eichele, G. (1994). Retinoids in Development.Previously it has been shown that BMP4 is expressed in
In ``The Retinoids: Biology, Chemistry and Medicine'' (M. B.rhombomeres (r) 3 and 5 of the chick hindbrain and that
Sporn, A. B. Roberts, and D. S. Goodman, Eds.), 2nd ed., pp.exogenous BMP4 causes apoptosis in these rhombomeres
387±441, Raven Press, New York.
(Graham et al., 1994). Neural crest-derived craniofacial Hu, L., and Gudas, L. J. (1990). Cyclic AMP analogs and retinoic
structures are particularly sensitive to RA-induced terato- acid in¯uence the expression of retinoic acid receptor a, b, and
genesis (Lammer et al., 1985). It has been suggested that g mRNAs in F9 teratocarcinoma cells. Mol. Cell. Biol. 10, 391 ±
increased levels of programmed cell death are a cause of 396.
these defects (Sulik et al., 1988). The most acute period of Jiang, H., and Kochlar, D. M. (1992). Induction of tissue transglu-
taminase and apoptosis by retinoic acid in the limb bud. Teratol-sensitivity occurs shortly before neural crest cell emigration
ogy 46, 333±340.and may correlate with the time of normal cell death in
Jones-Villeneuve, E. M. V., McBurney, M. W., Rogers, K. A., andrhombomeres 3 and 5. The presence of endogenous retinoids
Kalnins, V. I. (1982). Retinoic acid induces embryonal carcinomain the neural plate and tube (Hofmann and Eichele, 1994)
cells to differentiate into neurons and glial cells. J. Cell Biol. 94,and BMP4 in r3 and 5, and this work suggests that r3 and
253±262.
5 neural crest cells may be killed by the combination of RA
Lammer, E. J., Chen, D. T., Hoar, R. M., Agnish, N. D., Benke,
and BMP4. Malformations caused by exogenous retinoids P. J., Braun, J. T., Curry, C. J., Fernoff, P. M., Grix, A. W., Lott,
may be due to alterations in BMP4 levels (Rogers et al., I. T., Richard, J. M., and Sun, S. C. (1985). Retinoic acid embryopa-
1992) or increased sensitivity to BMP4-induced apoptosis. thy. N. Engl. J. Med. 313, 837±841.
LaRosa, G. J., and Gudas, L. J. (1988). Early retinoic acid-induced F9
teratocarcinoma stem cell gene ERA-1: Alternate splicing creates
transcripts for a homeobox containing protein and one lackingACKNOWLEDGMENTS the homeobox. Mol. Cell. Biol. 8, 3906±3917.
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